Cell-free protein synthesis and two-dimen sional gel autoradiography were used to characterize early postischemic protein synthesis in rat neocortex. Severe forebrain ischemia was induced for 30 min (four vessel occlusion model) and followed by 3 h of recircula tion. Polysomes were isolated from the cerebral cortex, translated in vitro in a reticulocyte system, and analyzed by two-dimensional gel electrophoresis. The translation products of postischemic polysomes included a major new protein family (70 kDa) with multiple isoelectric variants that was found to comigrate with the 68-to 70-
kDa "heat shock" protein synthesized from polysomes of hyperthermic rats. Two other stress proteins (93 and 110 kDa) also appeared to be synthesized in increased amounts after ischemia. A complement of proteins that was indistinguishable from that of controls was also syn thesized after ischemia, indicating that messenger ribonu cleic acid coding for most brain proteins is preserved after ischemia and is bound to polysomes. Key Words: Brain ischemia-Heat shock proteins-Hyperthermia Protein synthesis. other brain proteins . Hyperthermia and other injurious or noxious treatments that in crease ornithine decarboxylase activity in rat brain, liver, and kidney (Dienel and Cruz, 1984) are also known to stimulate the synthesis of heat shock pro teins in rat tissues (brain, liver, heart, adrenals, etc.) , in tissue culture cells, and in many other or ganisms (Ashburner and Bonner, 1979; Currie and White, 1981; Cosgrove et aI., 1982; Schlesinger et aI., 1982) . In addition, a 71-kDa heat shock protein is synthesized in rat brain, liver, and kidney after carotid ligation of one animal (Currie and White, 1981) and in rat brain slices subjected to the isch emia of decapitation and tissue-slicing injury (White, 1980; 1981) .
The purpose of this study was to determine if ri bonucleic acids (RNAs) coding for heat shock pro teins are being translated shortly (3 h) after post ischemic reperfusion when the rate of protein syn thesis is reduced by >50% and when ornithine decarboxylase activity is just beginning to increase (Dienel et aI., 1985a) . We show that disaggregated poly somes derived from 3-h postischemic rat brain contain the messenger RNA (mRNA) coding for the normal complement of brain proteins and, in addition, for a family of 70-kDa proteins that co-mi grate with the dominant 70-kDa heat shock pro teins. A preliminary report has been presented (Dienel et aI., 1985b) .
MATERIALS AND METHODS

Ischemia
The four major arteries to the brain were occluded to produce severe «3% of normal blood flow) hemispheric ischemia (Pulsinelli et aI., 1982a, b) . On day 1, male Wi star rats (180-220 g) (Hilltop Lab Animals, Scottdale, PA , U.S.A.) were anesthetized with halothane, the verte bral arteries were cauterized, and polyethylene cuffs were placed loosely around the common carotid arteries; the rats were fasted overnight. The next day, ischemia was produced by constriction of the carotid cuffs (four vessel occlusion) of conscious rats; carotid cuffs of con trols were only manipulated. Loss of consciousness oc curred within � 30 s after cuff constriction; bilateral loss of the righting reflex throughout the ischemic interval was the behavioral criterion for severe hemispheric isch emia. After 30 min of ischemia, the carotid cuffs were removed and restoration of carotid blood flow was vi sually verified. Body temperature was monitored and maintained at a minimum 37°C during and after the isch emic period with a rectal thermistor coupled to a heat lamp. Rats that had generalized seizures were excluded from the study, as were rats that regained their righting response prior to carotid cuff removal.
Hyperthermia
Male Wistar rats (180-220 g) (Hilltop) were anesthe tized with pentobarbital (60 mg/kg i.p.) (Nembutal, so dium; Abbott Laboratories, North Chicago, IL, U.S.A.). Thirty minutes later, hyperthermia was induced by ex posing the anesthetized rats to a heat lamp connected to a rectal thermistor. Rectal temperatures were brought to 42°C, which should elevate the temperature of the cere bral cortex to �41oC (Williams et aI., 1984) . After 15 min, the rats were cooled to 37 -38°C by placing them in an ice pack; they were maintained at this temperature range throughout the 3-h recovery interval. Sham controls were anesthetized with the same dose of pentobarbital and maintained at 37-38°C with a rectal thermistor and heating lamp.
Polysome isolation and cell-free translation
Polysome preparation and translation were based on the procedures of Holbrook and Brown (1976) and Baetge et al. (1981) . Three hours after ischemia, hyper thermia, or sham treatment, the rats were decapitated, and poly somes were isolated from each cerebral cortex after it was quickly dissected free from other brain struc tures. Aliquots of the polysome suspension from each rat (n = 4-5 rats/group) were taken for measurement of A260 and A280 (A260 /A28o ratios ranged from 1.65 to 1.72), for polysome profiles, and for translation assays. Polysomes were translated using [35S1methionine (1,064 Ci/mmol; New England Nuclear, Boston, MA, U.S.A.) and a rabbit reticulocyte lysate system (Promega Biotech, Madison, WI, U.S.A.), essentially as outlined in the in structions provided by the manufacturer. Preliminary ex periments showed that incorporation of [35S1methionine into protein was linear over the range of 0.05-0.40 A260 1986 unit of polysome suspension added to the reaction mix tures for all experimental groups, but the polysome con centration curves did not pass through the origin. Samples translated for two-dimensional gel electropho retic analysis contained 0.1-0.25 A260 unit of the poly some suspensions. Acid-insoluble radioactivity was mea sured in aliquots of the reaction mix isolated by the filter disk method and solubilized by heating in Protosol (New England Nuclear) (Albright et aI., 1978) .
Gel electrophoresis
Two-dimensional gel electophoresis was carried out as described by Perry et al. (1983) . Aliquots of the transla tion mixture were solubilized by the addition of 9 vols of lysis buffer [8 M ultrapure urea, 1 % sodium dodecyl sul fate, 50 mM dithiothreitol. and 2.0% ampholines (0.8% each of pH 5-7 and 4-6, and 0.4% of 3-10 ampholines;
LKB, Gaithersburg, MD, U.S.A.)]. Solubilized samples were applied to the first-dimension gel on the same day as the translation assay. Carrier protein (�90 f,Lg) from normal cerebral cortex (10 f,L1 of a tissue sample dissolved in 9 vols of lysis buffer and centrifuged at 100,000 g for 1 h) was also added to the first-dimension gel so autoradio graphs of the 35S-labeled translation products could be compared with Coomassie blue-stained proteins. The second dimension was 10% polyacrylamide with a 3% stacking gel. The gels were dried and exposed to Kodak SB5 film for up to 2 weeks.
RESULTS AND DISCUSSION
Polysome disaggregation during postischemic re perfusion is known to correlate with subnormal rates of protein synthesis in vitro and in vivo in many animal models for ischemia (Kleihues et aI., 1975; Cooper et aI., 1977; Dienel et aI., 1980; Mori moto and Yanagihara, 1981 ; Nowak et aI., 1985) , and hyperthermia also causes polysome disaggre gation (Nowak et aI., 1984) . In this study, the pro files of the polysome preparations used for the translation assays showed that polysomes from the 3-h postischemic rats were highly disaggregated, whereas those from rats 3 h after hyperthermia were similar to control polysome profiles ( Fig. 1) .
Thus, reaggregation of polysomes probably oc curred during the 3-h recovery interval after 15 min of hyperthermia, suggesting that the hyperthermic insult was less severe than the ischemic insult.
Tr anslation products from mRNA derived from postischemic brain included a family of six new proteins (labeled as P70 and identified with arrows in Fig. 2F ) with molecular weights of �68-70,000
[compare with the nonradioactive protein denoted for reference (R) that has a molecular weight of �66,000 in Fig. 2AJ . The variants had different iso electric points (all were more basic than actin, pI 5.6) ( Fig. 2A) , and one had a slightly lower molec ular weight than the other five ( Fig. 2D and F) .
Only three of these isoelectric variants were pro duced at 3 h after hyperthermia ( Fig. 2E) ; one pro- An aliquot of the polysome suspension (0.4-1 A26o) from each cerebral cortex (n = 4-5 rats/experimental or control group) was applied to a linear 15-45% sucrose gradient and centrifuged at 40,000 rpm in a Beckman SW 50.1 rotor for 1 h. Gradients were displaced upward, and elution profiles were continuously recorded at 254 nm; the top of the tube is to the left. tein (identified by arrowheads) was dominant in the P70 family after both ischemia and hyperthermia.
The three P70 hyperthermic stress proteins co-mi grated with the corresponding proteins synthesized after ischemia (Fig. 2D ). All of the operated con trols for ischemia produced small amounts of the major heat shock protein (Fig. 3C ), but none of these proteins were detected in pentobarbital-anes thetized controls (Fig. 2B ). The only consistent dif ference between control and experimental autora diographs, in terms of the presence or absence of proteins, was the appearance of the 70-kDa family of heat shock proteins.
The similarity of the control (anesthetized or operated) and experimental (hyperthermic or isch emic) autoradiographic patterns, except for the 70-kDa heat shock proteins, indicates that mRNA coding for most brain proteins was preserved after ischemia, was bound to ribosomes that were recov ered in the "polysome" pellet, and was translated by the in vitro system (Fig. 2) . Visible spots that had low optical densities were not easily repro duced in Fig. 2 , but all spots visible in control au toradiographs were also present in the corre sponding experimental autoradiographs. At 3 h after ischemia, but not hyperthermia, P93 and PliO appeared to be synthesized in greater than normal amounts by extracts from three of five rats and four of five rats, respectively ( Fig. 2E and F) ; P93 showed considerable streaking over a wide pH range ( Fig. 2A-F ). P93 and PllO may correspond to known 88and 110-kDa stress proteins (High tower and . Since the polysomes re covered from ischemic brain were disaggregated, there may have been a shift in the distribution of mRNA from the polysome to the monosome frac tion, as observed after lysergic acid diethylamide (L SD)-induced hyperthermia (Mahoney and Brown, 1979) . After LSD treatment, both the mon osome and residual polysomes contained the full spectrum of mRNA, but only the residual poly somes contained the mRNA coding for the LSD-in duced 74-kDa (heat shock) protein (Cosgrove et aI., 1982) . In other organisms, the 70-kDa family and other heat shock proteins are known to be preferen tially translated, whereas the preexisting mRNA is not translated immediately after the insult (Storti et aI., 1980; DiDomenico et aI., 1982a,b) . Preferential synthesis is difficult to assess in the present study ( Fig. 2) because factors that regulate translation in vivo may have been removed by isolation of poly somes, and any influence of such factors would be minimized by the use of a supplemented reticulo cyte translation system that has initiation capacity.
Heat shock proteins resembling those found in rat brain after ischemia are rapidly, preferentially synthesized by many organisms and tissues in re sponse to diverse noxious stimuli (Schlesinger et aI., 1982) . The results from this study (Fig. 2) show that the heat shock response occurs in the rat neo cortex shortly (3 h) after 30 min of severe, transient ischemia at a time when the average rate of protein synthesis is less than half the normal rate and when ornithine decarboxylase activity is beginning to in crease (Dienel et aI., 1980 (Dienel et aI., , 1985a .
However, the response of the neocortex, which incurs only mild neuronal damage, may not repre sent the reactions of other brain regions (hippo campus and striatum) that subsequently develop severe damage (Pulsinelli et aI., 1982a) . In post ischemic gerbil brain, preferential synthesis of a single 70-kDa stress protein is also evident as early as 2-4 h of reperfusion and synthesis peaks at �8 h after 5 min of ischemia , suggesting that the time courses of heat shock protein produc tion and the rise in ornithine decarboxylase activity (Dienel and Cruz, 1984; Dienel et aI., 1985a ) may coincide. Isoelectric variants of the dominant stress protein were not observed in postischemic gerbil brain , but 70-kDa variants are also produced by other rat organs, depending upon ex- shown on the right edge of the stained gel. pH gradients of the first-dimension gels were not routinely measured; their approxi mate ranges were 3.5-6.7, and the acidic end of the gel is at the right. Identities of actin (A), pi 5.6, and (3-tubulin (T), pi 5.4-5.5, are based on a comparison with the data of Strocchi et al. (1982) and Heydorn et al. (1983) . Also shown are auto radiographs (panels B-F) of 35S-labeled proteins synthesized in vitro from polysomes of pentobarbital-anesthetized control (8) or hyper thermic (E) rats or from operated manipulated control (C) or ischemic (F) rats (n = 4-5 rats/experimental or control group). 0:
Mixture of equal disintegrations per minute (125,000) from hyperthermic and ischemic translation products. Equal amounts of acid-insoluble radioactivity (250,000 dpm) were applied to each gel, and dried slab gels were exposed to x-ray film for up to 14 days. Gels from each sample were run in duplicate. Variations in the spot positions and resolutions, particularly for low molec ular weight proteins, are due to differences in the pH gradient and to the use of two different slab gel systems. Arrowheads identify the dominant heat shock protein and arrows denote variants of the 70-kDa heat shock proteins (P70) with different isoelectric points or slightly lower molecular weight. For a point of reference (R), arrows with open circles identify a nonra dioactive (light area in autoradiographs, panels B-F) protein visible by Coomassie Blue staining (panel A) that has an isoelectric point similar to that of the two most acidic heat shock proteins and a molecular weight of �66 kDa. Two other identified proteins have molecular weights of �110 (P110) and �93 (P93) kDa.
traction conditions (Currie and White, 1982) , as well as cultured Drosophila and mammalian cells (Storti et al., 1980; Welch and Feramisco, 1982) .
The structures of the 70-kDa heat shock proteins are highly conserved in many species, but the regu- Vol. 6, No.4, 1986 lation and functions of the heat shock response are poorly understood (Schlesinger et al., 1982) . Meta bolic changes, structural damage to the cytoskel eton, and oxidative injury, all of which could occur after ischemia, are some of the factors postulated to trigger the production of the stress proteins (Ham mond et ai., 1982; Thomas et ai., 1982; Lee et aI., 1983) , perhaps by regulating a deoxyribonucleic acid binding protein (Wu, 1984) . The presence of the dominant P70 heat shock protein in operated control rats (Fig. 2C) indicates that brain stress without ischemia is sufficient to induce this protein (measured �24 h after the sham surgery) and sug gests that the severity of the insult may affect both the amounts and the duration of synthesis of the P70, P93, and PlIO heat shock or stress proteins.
Stress arising from interference with blood circula tion without necessarily producing ischemia also causes synthesis of heat shock proteins in rat tissues. Aortic banding causes cardiac stress and induces two 71-kDa proteins in the heart (Ham mond et al., 1982) . Bilateral carotid ligation, which is unlikely to cause forebrain ischemia in the rat unless the vertebral arteries are also occluded (Pul sinelli and Brierley, 1979) , was reported to stimu late the synthesis of the 71-kDa protein in brain, liver, and kidney but not in heart, lung, or spleen of a single rat (Currie and White, 198 1) . Ornithine de carboxylase activity showed a similar pattern after four-vessel occlusion (see Materials and Methods), rising in brain and liver but not spleen (Dienel and Cruz, 1984) . Heat shock proteins have been asso ciated with protection against subsequent thermal or chemical injuries (Schlesinger et ai., 1982) , sug gesting that proteins that rapidly increase in ac tivity or amount after ischemia may have important functions in the process of recovery from brain in jury.
